Shot-noise-limited Doppler-broadened (Db) noise-immune cavity-enhanced optical heterodyne molecular spectrometry (NICE-OHMS) has been realized by implementation of balanced detection. A characterization of the system based on Allan-Werle plots of the absorption coefficient, retrieved by fitting a model function to data, shows that the system has a white noise equivalent absorption per unit length per square root of bandwidth of 2.3 × 10 −13 cm −1 Hz −1∕2 , solely 44% above the shot noise limit, and a detection sensitivity of 2.2 × 10 −14 cm −1 over 200 s, both being unprecedented for Db NICE-OHMS. The white noise response follows the expected inverse square root dependence on power that is representative of a shot-noise-limited response, which confirms that the system is shot-noiselimited.
Noise-immune cavity-enhanced optical heterodyne molecular spectroscopy (NICE-OHMS) is one of the most sensitive techniques for detection of molecular species [1] . It combines cavity-enhanced absorption spectroscopy (CEAS) to increase the interaction length between the light and the analyte, with frequency modulation spectroscopy (FMS), to reduce 1∕f noise, especially relative intensity noise. Since the matching of the modulation frequency of the FMS to the free spectral range (FSR) of the cavity provides an immunity to frequencyto-amplitude noise, which is the main limitation in CEAS, it has been prophesied that the technique can be a powerful one for ultrasensitive trace gas detection [2] and that it can provide shot-noise-limited detection under some realistically feasible conditions [3, 4] .
In fact, by use of a cavity dither paired with wavelength modulation for additional noise reduction, a detection sensitivity of 1 × 10 −14 cm −1 over a 1 s integration time, only 1.5 times above the shot noise limit, was obtained in one of its first realizations [3] . In this case, a well-stabilized fixed-frequency Nd:YAG laser was locked to a cavity with a finesse of 10 5 while addressing a sub-Doppler feature of C 2 HD at 1064 nm. Despite the fact that the technique, since then, has been constructed around a variety of tunable lasers in various configurations [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , no system that has provided shot-noise-limited conditions has been realized.
The most persistent development of the technique has been performed based on erbium-doped fiber lasers (EDFL) [7, [18] [19] [20] [21] [22] [23] [24] . However, despite a series of steadily improved performances, most of which address Db detection, only detection sensitivities that are significantly above the shot noise limit have been obtained. An exception is the most recent demonstration in which a differential mode of detection was utilized, which could provide a detection sensitivity that was only a factor of 4 above the shot noise limit. The cause for the limited performance of these systems is usually attributed to noise from background signals [8] .
Background signals in NICE-OHMS, which are defined as the signals that are measured with an empty cavity, are in general attributed to frequency-dependent dispersion and attenuation in the optical system, which, in turn, are caused by optical components that upset the balance of the triplet. This increases the white noise and brings in long-term drifts in the system [20] . There are two main causes of such signals; one is interference between various optical surfaces, usually termed etalons, while the other is residual amplitude modulation (RAM), which in particular can appear from EOMs [25, 26] . Numerous efforts have been made to suppress these types of effects, e.g., antireflection coating, alignment of optical components, active feedback control of EOM [25] , usage of proton-exchanged EOMs [20] and wedged crystal EOMs [27] , application of etalon immune distance (EID) [28] , and implementation of a differential NICE-OHMS strategy [24] . However, despite all this, background signals are notoriously difficult to eliminate completely, and the remaining are often the main cause for the restricted performance of the NICE-OHMS system.
In this Letter, a novel NICE-OHMS system based on balanced detection is presented. The results show that the methodology can strongly reduce background signals generated before the polarizing beam splitter (PBS), which leads to improvements of both the short-and long-term performance of the system. An unprecedented detection sensitivity corresponding to a noise-equivalent absorption per length of 2.2 × 10 −14 cm
for an integration time of 200 s is reported. The measured white noise response of the balanced-detection NICE-OHMS, which was found to be 2.3 × 10 −13 cm −1 Hz −1∕2 , is only 44% above the shot-noise-limited absorption per unit length per square root of bandwidth, α min SN , which is 1.6 × 10 −13 cm −1 Hz −1∕2 . Moreover, the net white noise response, obtained after subtraction of the detector noise response, adheres to the expected inverse square root dependence of the power that is representative of a shot-noise-limited response. This confirms that the system is shot-noise-limited. This is, to our knowledge, the lowest detection sensitivity and the first time shot-noiselimited detection has been demonstrated for Db NICE-OHMS.
The experimental setup for balanced-detection NICE-OHMS, shown in Fig. 1 , is similar to that in previous works [22] , except for a few minor alterations. In short, the light produced by the EDFL is sequentially passed through a fibercoupled acoustic-optic modulator (f -AOM), a fiber-coupled polarizer (f -POL), and a fiber-coupled electro-optic modulator (f -EOM) before it is sent out into free space by a fiber collimator (f -C). The f -AOM, whose first order diffraction output provides a frequency shift of 110 MHz, supplies a highbandwidth (100 kHz) control of the laser frequency for the Pound-Drever-Hall (PDH) locking. Low-frequency feedback (up to 1 kHz) is fed directly to the piezo in the EDFL. The f -EOM, which is equipped with a proton-exchanged waveguide to minimize the generation of RAM, is modulated by two radio frequency signals-one at 20 MHz and another at 380 MHz-to generate the sidebands for the PDH locking and the FMS with modulation indices of 0.1 and 1, respectively, the latter chosen to maximize the NICE-OHMS signal [29] . Before impinging onto the cavity, the laser propagates through an isolator (ISO), a half-wave plate (λ∕2), a modematching lens, a PBS, and a quarter-wave plate (λ∕4). To reduce the amount of etalons, the optical components are slightly tilted, parabolic mirrors are used to focus the light onto the detectors, and the optical components are, whenever possible, positioned at EID [28] .
The cavity is composed of two high-reflectivity mirrors (R 99.994%), which provide a finesse of 55,000. They are mounted on PZTs and separated by a Zerodur spacer by a distance of 39.4 cm to provide a free space range (FSR) of 380 MHz. The reflected light of the cavity impinges upon photodetector PD 1 , whose signal is demodulated to generate the error signals for both the PDH and the DeVoe-Brewer locking [30] , where the latter is used to lock the modulation frequency of the FMS to the FSR of the cavity. The transmitted light impinges on photodetector PD 2 , whose signal is demodulated at the modulation frequency of the FMS (380 MHz) and low-pass filtered with a corner frequency of 1 kHz to produce the NICE-OHMS signal. To scan across the targeted molecular feature {the P e (15) transition of the ν 1 ν 3 band of C 2 H 2 at 6518.4858 cm −1 [31, 32] }, a triangle wave (with a frequency of 0.7 Hz) is imposed on the front PZT of the cavity. Only the signals during the decreasing section of the triangle wave were sampled, providing a dead time of 0.7 s between two adjacent samplings.
It had previously been noted that although the EOM has a proton-exchanged waveguide, a temperature-dependent FMS background signal still emerges from the EOM, possibly created by interference between the two surfaces of the crystal in the EOM. The balanced detection realized in this work provides a means to eliminate the influence of any background signal produced in the optical system before the PBS. To realize the balanced detection, a part of the light is deflected by the PBS onto a third detector (PD 3 ), whose signal is demodulated in the same way as the signal from the transmission detector (dashed box) to get a reference signal that contains information about the background signals generated before the PBS, in particular by the EOM. Background signals can then be eliminated by a subtraction of the demodulated NICE-OHMS signal produced by the reference path from the signal measured in transmission, with the former weighted by the ratio of laser powers in the transmission and the reference paths. This provides a balanced detection free of any background signal produced in the optical system before the PBS.
The two panels in Fig. 2 show the drifts of the NICE-OHMS background over 4 h, represented by the difference between two empty cavity measurements taken at two instances, separated by 4 h. The red curves in panels (a) and (b) show the background drifts for the transmission and balanced detection, respectively. The black curves represent fits of a Fig. 1 . Experimental setup. EDFL, erbium-doped fiber laser; f -AOM, fiber-coupled acousto-optic modulator; f -POL, fiber-coupled polarizer; f -EOM, fiber-coupled electro-optic modulator; f -C, fiber collimator; ISO, isolator; λ∕2, half-wave plate; PBS, polarizing beam splitter; λ∕4, quarter-wave plate; PD 1-3 , photodiodes; DBM, doublebalanced mixer; Sub, subtraction performed in the software. Db NICE-OHMS signal to the data based on the model described in [33] , and the α 0 values represent the corresponding amount of drift of the absorption coefficient taken as the amplitude of the fits. The system was calibrated by a standard reference gas with 10 ppm C 2 H 2 at 50 mTorr, according to the process given in [24] . A comparison of the two panels shows that the balanced detection can remove the broad structure from the background signal that is picked up by the fits and will adversely affect the detectability of the Db response. In this case, the fit to the NICE-OHMS background signal from an empty cavity measured by conventional detection [i.e., in transmission, panel (a)] corresponds to an absorption coefficient of 8.4 × 10 −13 cm −1 , while the corresponding entity for the case with balanced detection is only 5% of this, viz. 4.3 × 10 −14 cm −1 . Also other types of background signals are decreased by the use of the balanced detection. The narrow periodic structure shown in panel (a), presumed to originate from interference between the output surface of the fiber of the laser and the f -C-which are separated by 4 m-is fully eliminated. As can be seen from panel (b), there is though still some remaining structured background. Since the FSR of this is around 120 MHz, it is attributed to an etalon created between the cavity front mirror and the transmission detector. However, in comparison with the expected Db NICE-OHMS signal, which can have a GHz width, such narrow etalon responses will not significantly contribute to fits and, thereby, the assessment of gas. This is the reason the drift of the absorption coefficient retrieved by fitting is significantly reduced (in this case by a factor of 20) when the balanced detection is implemented.
The detection sensitivity of the balanced-detection NICE-OHMS was then evaluated by the use of Allan-Werle plots of the absorption coefficient retrieved from fits of a model function of the Db NICE-OHMS to background signals measured at dispersion phase over 12 h [34] . Figure 3 shows, by the solid curves in black and red, the Allan deviations of the conventional and balanced-detection NICE-OHMS signals from an empty cavity, respectively, as a function of the integration time, τ. The two corresponding dashed lines represent the short-time white noise behavior, which is proportional to τ −1∕2 . The blue dashed line displays the shot-noise-limited response when balanced detection is implemented (see below). The lowermost curve (cyan) shows the corresponding electronic noise of the balanced system. For short integration times, the Allan deviations of the NICE-OHMS signals recorded for both modes of detection show a τ −1∕2 -behavior, characteristic of white noise. With increasing measurement time, the effects from other types of noises, e.g., flicker noise and drifts, start to be of importance. For the longest measurement time, the Allan deviations increase with τ, which indicates that drifts start to dominate. For each curve, there is a minimum, whose value should be considered to represent the detection limit of the system (in terms of its absorption coefficient).
The white noise can be compared to α min SN , which can be measured by turning off the 380 MHz modulation of the laser or using an incoherent light source. Such measurements gave values for α min SN of 9.4 × 10 −14 and 1.5 × 10 −13 cm −1 Hz −1∕2 for the conventional and balanced mode of detection, respectively.
For comparison, α min SN can also be calculated from the detector specifications. The shot noise limit for Db NICE-OHMS by balanced detection, when the assessment of the absorption is made by fitting a model function to a scan, can be expressed as
where F is the finesse of the cavity, L is the cavity length, ffiffi ffi 2 p and γ take into account the facts that only one half of the scan is used to gather the signal and that the laser is not on resonance all of the time, respectively [22] , the J 0 and J 1 denote Bessel functions that are functions of the modulation index β, κ is the ratio of the peak-to-peak value of the NICE-OHMS line shape function and the peak value of the direct absorption line shape, e is the electron charge, Δf is the detection bandwidth, η A is the detector responsivity, ρ is the ratio of the powers on the reference and the transmission detectors, and P t is the power impinging onto the detector. Inserting relevant numbers for our system, i.e., L 39.4 cm; η A 1 A∕W; β 1, which implies that J 0 0.77 and J 1 0.44; γ 2.4 (for a scanning range of 3 GHz); κ 1.4; Δf 0.7 Hz; ρ 0.55; and P t 2.0 mW, provides a value for α min SN;bal of 1.6 × 10 −13 cm −1 Hz −1∕2 , which compares well with the measured one. A similar agreement can be shown for the conventional mode of detection.
The electronic noise for balanced detection was measuredby blocking the light to the detectors-to be 9.2 × 10 −14 cm −1 Hz −1∕2 (Fig. 3, cyan curve) , which is below that of the shot noise. Figure 3 shows that for conventional detection, i.e., transmitted NICE-OHMS, the white-noise-limited Allan deviation is 3.8 × 10
. This is significantly larger than both the shot noise and the electronic noise. The additional amount of white noise, which can be estimated to be 3.6 × 10 −13 cm −1 Hz −1∕2 , is present only if the laser is modulated and can therefore be attributed to processes and background signals associated with the FMS modulation. Figure 3 shows that when balanced detection was implemented, the white-noise-limited Allan deviation decreased to 2.3 × 10 −13 cm −1 Hz −1∕2 . This indicates that the noise from the FMS modulation process decreased by 90%; the residual contributions (i.e., in addition to shot noise and electronic noise) are attributed to imperfect balanced detection or noncorrelated noise originating after the PBS. The low white For longer measurement times, for which drifts dominate, Fig. 3 shows that for the pertinent experimental system, the balanced mode of detection can improve on the performance of the system considerably. For the longest times displayed in the figure (∼10 3 s), it can reduce the NEAL more than one order of magnitude, from 5.6 × 10 −13 to 3.4 × 10 −14 cm −1 . This indicates that the major part of the drifts with the conventional mode of detection originates from the part of the optical system before the PBS. Figure 3 finally reveals that with the balanced mode of detection, the system can provide a minimum NEAL that is 3 times lower than when conventional detection is used: 2.2 × 10 −14 cm −1 at 200 s. To verify the origin of the white noise response of the system, assessments were performed for three different powers, viz. 100, 50, and 25% of the optimum power used above (with a fixed ρ). Figure 4 shows by panel (a) an Allan-Werle plot of the measurements, while panel (b) displays the white noise response as a function of P t . Since the electronic noise is close to the shot noise for the lower laser powers, this was deducted from measured responses, resulting in net white noise responses of 2.1 × 10 −13 , 2.9 × 10 −13 , and 4.4 × 10 −13 cm −1 Hz −1∕2 , respectively. The black curve in panel (b) is a fit of the expected power dependence of shot noise, which, according to Eq. (1), is P −1∕2 t . The good agreement confirms that the system is shot-noise-limited.
In summary, a shot-noise-limited Db NICE-OHMS spectrometer has been realized based on balanced detection. It is shown that by subtracting the NICE-OHMS signal from a reference arm from the transmitted signal, background signals generated before the PBS, e.g., from the EOM, the fibers, and other optical components, can be eliminated. The balanced detection can remove a major part of the previously unassigned white noise in NICE-OHMS, resulting in a shot-noise-limited performance with the expected P −1∕2 t power dependence. The balanced detection has also reduced the drifts in the system by more than one order of magnitude, giving rise to an unprecedented detection limit of 2.2 × 10 −14 cm −1 at 200 s.
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